1) These alkaloids have anticholinergic property and, together with their semi-synthetic derivatives, are extensively used as spasmolytic and mydriatic agents.
leaves of D. leichhardtii and D. myoporoides, as well as their interspecific hybrid, are the principal source for pharmaceutically important tropane alkaloids such as scopolamine and hyoscyamine. 1) These alkaloids have anticholinergic property and, together with their semi-synthetic derivatives, are extensively used as spasmolytic and mydriatic agents.
2) Because scopolamine prominently depresses the central nervous system at low therapeutic doses, it is frequently administered for the prevention of motion sickness.
2) Cultivation study of Duboisia hybrid in Australia revealed that alkaloid contents change seasonally and decrease of scopolamine content occurred between March and September.
3) Regional variation of alkaloid composition and content has also been reported. 1) To produce tropane alkaloids more efficiently and stably, a number of in vitro studies have been performed so far, and Agrobacterium-transformed hairy roots have been found to be suitable for the production of secondary metabolites because of their stable and high productivity in culture conditions without plant growth regulators. 4) There are several researches on the influences of T-DNA expression on secondary metabolism. 5) However, there are few reports on the relationship between endogenous auxin and alkaloids or shoot regeneration in the hairy roots. In our ongoing study on tropane alkaloid production by tissue cultures, we established hairy and adventitious root cultures of Duboisia myoporoides-D. leichhardtii hybrid. This work reports the formation of tropane alkaloids and the regeneration of shoots in hairy and adventitious root cultures of Duboisia hybrid. In addition, distribution of indole-3-acetic acid (IAA) and scopolamine in the hairy roots and in the adventitious roots is described.
MATERIALS AND METHODS

Plant Material
Explants were excised from a Duboisia myoporoides-D. leichhardtii hybrid (M-II-8-6) that is cultivated at the Tsukuba Medicinal Plant Research Station, Japan. The leaves were dipped in 75% ethanol for 10 s, rinsed in sterilized water, surface-sterilized for 10 min in 2% sodium hypochlorite containing Tween 20 (1 drop per 40 ml) and then washed three times with sterilized water. The leaf segments (ca. 5ϫ5 mm) were used for hairy and adventitious roots induction.
Hairy Root Culture The leaf segments were transferred into a half strength Murashige and Skoog 6) (1/2 MS) liquid medium containing 2% sucrose (20 ml medium in a 100 ml Erlenmeyer flask). Agrobacterium rhizogenes ATCC15834 was cultured overnight in Yeast Extract Broth (YEB) 7) liquid Co-culture conditions for Duboisia myoporoides-D. leichhardtii hybrid hairy root induction were investigated using leaf explants and Agrobacterium rhizogenes ATCC 15834. The bacteria density and duration of coculture greatly affected the induction rate; the highest rate of 50% was obtained when the leaf explants were cocultured for 2 d with 10 6 bacteria. One hairy root clone that showed the fastest root growth was selected and used for comparison study with adventitious roots cultured with 0.5 mg/l indole-3-acetic acid (IAA). The hairy roots cultured in Murashige and Skoog (MS) liquid medium grew well and yielded much more tropane alkaloids (35 mg/l scopolamine and 17 mg/l hyoscyamine) than adventitious roots cultured in 0.5 mg/l IAA after 6 weeks of culture at 25°C in the dark. The hairy and adventitious roots (2.5 cm) grown in liquid media were divided into 5 parts (each 0.5 cm) along the root axis. Distribution of scopolamine and IAA was then determined by enzymelinked immunosorbent assay (ELISA). Inverse relationship between contents of scopolamine and IAA was observed in the hairy roots; increase of scopolamine and decrease of IAA were proportional to the distance from the root meristem. In contrast, the contents of scopolamine and IAA were relatively constant in the adventitious roots. In shoot regeneration experiments, the hairy and adventitious root segments (1 cm) were placed onto 1/2 MS solid medium containing various concentrations of IAA and BA cultured at 25°C under 16 h light. In adventitious roots, the shoots regenerated on media containing 6-benzyladenine (BA) (0.5 to 5 mg/l), and 100% regeneration was observed in medium with 0.1 mg/l IAA and 2 mg/l BA. On the other hand, shoot regeneration was only observed in 33% of hairy roots cultured on medium containing 5 mg/l BA. medium (20 ml medium in a 100 ml Erlenmeyer flask) and a portion (final bacteria densities were set as 10 5 , 10 6 or 10 7 ) was added to the flask with leaf segments. They were co-cultured for 1 to 3 d at 25°C in the dark on a rotary shaker (100 rpm). The segments (5 segments/dish, 3 dishes per treatment) were placed onto 1/2 MS solid medium (7 ml medium in 6 cm i.d. petri dish) containing 500 mg/l Claforan ® (Hoechst Japan Ltd.) and 2% sucrose at 25°C in the dark. The roots regenerated from the leaf segments were excised and repeatedly cultured on the same medium until all the bacteria were eliminated. After 3 weeks from the co-culture with bacteria, survival rate of the leaf explants, frequency of hairy root formation and number of hairy roots per explant were determined. The roots were further cultured on a Murashige and Skoog (MS) solid (25 ml in a 9 cm i.d. petri dish) and liquid (50 ml in a 100 ml Erlenmeyer flask) media containing 3% sucrose at 25°C in the dark. Transformation was confirmed by opine analysis according to the method described by Petit et al. 8) The roots that grew fastest among the clones were selected and used for further experiments. The transformed roots (inoculum: 30 mg fresh weight) grown on MS solid medium were excised and inoculated into either MS, Gamborg B5 (B5), 9) Woody Plant (WP) 10) or White (WH) 11) liquid medium. Adventitious Root Cultures The adventitious root cultures were established from the leaf explants as reported previously.
12) They were maintained in MS liquid medium containing 0.5 mg/l IAA with subculturing carried out at 4 to 8 weeks interval.
Shoot Regeneration The hairy and adventitious root segments (ca. 0.5 cm including root meristem) excised from the liquid cultures were placed onto 1/2 MS solid medium (25 ml in a 9 cm i.d. petri dish) supplemented with various concentrations of IAA and 6-benzyladenine (BA), and cultured under 16 h light. The regenerated shoots were transferred onto MS solid medium (30 ml in a 3 cm i.d.ϫ15 cm test tube) and cultured under 16 h light.
General Culture Conditions All the liquid cultures were maintained on a rotary shaker at 100 rpm in the dark at 25°C. The solid medium was solidified with 0.2% Gelrite. All the media contained 3% sucrose unless otherwise stated, and the pH was adjusted to 5.7 before autoclaving at 121°C for 15 min. The light intensity was 80 mE m Ϫ2 S
Ϫ1
.
Analysis of Tropane Alkaloids
The hairy roots were lyophilized and ground prior to extraction. The culture medium was filtered prior to extraction. Alkaloids were extracted and analyzed by HPLC as previously reported.
12)
Determination of IAA and Scopolamine by ELISA The hairy roots were cultured in MS liquid medium and the adventitious roots were cultured in MS liquid medium containing 0.5 mg/l IAA at 25°C in the dark. After 4 weeks, the fresh hairy and adventitious roots (2.5 cm in length) were thoroughly washed with water and divided into 5 parts (each 0.5 cm) from the distal to the proximal segment along the root axis. Each segment was subjected to enzyme-linked immunosorbent assay (ELISA) to determine IAA and scopolamine contents. Extraction and determination of IAA were carried out as previously reported 13) using ELISA kits for IAA (PHYTODETEK TM -IAA). ELISA for scopolamine was performed using an anti-scopolamine monoclonal antibody according to the method described previously.
14) The crossreactivities (%) of the anti-scopolamine antibody used for this study were 9.2 for 6b-hydroxyhyoscyamine, 8.2 for 7b-hydroxyhyoscyamine and 1.8 for hyoscyamine. 14) RESULTS AND DISCUSSION Hairy Root Induction Although there are several reports on hairy root cultures of Duboisia hybrid, 5, 15, 16) precise condition for hairy root induction such as bacteria density was not described. In our preliminary experiment, hairy roots of Duboisia hybrid with satisfactory growth could not be obtained from stem explants by the direct infection method previously reported.
15) Therefore co-culture method was employed, and the influence of bacteria density and duration of co-culture on hairy root induction was investigated using leaf explants and Agrobacterium rhizogenes ATCC 15834 (Figs.  1A, 2) . The bacteria concentration and duration of co-culture greatly affected the induction rate; the highest rate of 50% was obtained when the leaf explants were co-cultured for 2 d with 10 6 bacteria (Fig. 2B) . In this condition, two hairy root clones per explant were obtained (Fig. 2C) . Celma et al. reported that the induction of hairy roots from in vitro leaf discs of Duboisia hybrid using A. rhizogenes strain A4 occurred in 80% of the infected leaf discs. 16) In this study, the leaf explants were prepared immediately after sterilization, which might have chemically damaged the leaf explants. This might be a reason for lower induction frequency, because approximately 25% of the explants died even after one day of co-culture with the lowest density (10 5 ) of bacteria ( Fig. 2A) . Nevertheless, hairy root induction from the leaf explants might be more convenient, because it does not require establishment of shoot culture. As Moyano et al. 5) reported, two types of roots, roots with typical hairy root mor- phology (Fig. 1B) and callus-like roots, appeared. However, spontaneous shoot regeneration from Duboisia hairy roots previously reported 15, 16) was not observed.
Growth and Tropane Alkaloid Production in Hairy Root Cultures
The root clone with typical hairy root morphology growing fastest among the clones was selected and used for further experiments. The effects of basal media on the growth and alkaloid yield in the hairy roots are shown in Fig. 3 . The best growth (growth index: 98.0) was observed in B5 medium, and the highest scopolamine content (0.38% dry weight) was obtained in MS medium. On the other hand, the highest hyoscyamine content (0.30% dry weight) was obtained in WP medium.
The best alkaloid productivity (30 mg/l scopolamine and 14 mg/l hyoscyamine) was obtained in MS medium after 5 weeks of culture. In our previous study on production of tropane alkaloids by adventitious root cultures of the same Duboisia hybrid, 13 mg/l scopolamine and 1.7 mg/l hyoscyamine were obtained in MS medium with 0.5 mg/l IAA after 5 weeks of culture.
12) The Agrobacterium rhizogenes transformation enhanced the tropane alkaloid productivity; over twice the amount of scopolamine and 8 times of hyoscyamine when compared with the adventitious roots.
Growth curve and the alkaloid contents of the hairy roots in MS medium are shown in Fig. 4 . The hairy roots grew linearly toward the end of the culture at week 6, though the growth of adventitious roots with 0.5 mg/l IAA reached stationary state at week 3.
12) The contents of scopolamine (0.27 to 0.46% dry weight) and hyoscyamine (0.15 to 0.26% dry weight) were relatively constant during the whole culture period in contrast to the transient decrease of scopolamine and the transient increase of hyoscyamine contents in the early stage of culture (week 1 to 3) observed in the adventitious roots.
12) The alkaloid yield in each culture period is shown in Fig. 5 . Constant alkaloid content and linear increase of dry mass (Fig. 4) were reflected in the growth-proportional increase of tropane alkaloid yields (Fig. 5) . At week 6, 35 mg/l scopolamine and 17 mg/l hyoscyamine were obtained.
Distributions of IAA and Scopolamine in Hairy and Adventitious Roots Since there were differences in the growth and alkaloid contents between hairy and adventitious roots, distributions of IAA and scopolamine along the root axis were determined by ELISA (Fig. 6 ). There were great differences in the distributions of scopolamine and IAA. Partial variation of contents both in scopolamine and IAA was obvious in the hairy roots, while it was not distinct in the adventitious roots. Inverse correlation of the contents was observed between scopolamine and IAA; increase of scopolamine and decrease of IAA were proportional to the distance from the root meristem in the hairy roots. In contrast the concentrations of scopolamine and IAA were less varied in the adventitious roots. Since all IAAs detected in the hairy roots were biosynthesized in the roots, relationship between IAA and scopolamine contents might appear clearly in the hairy roots. It is noteworthy that high content of IAA seems to be correlated with lower content of scopolamine in the hairy roots. It might reflect direct or indirect effect of IAA on accumulation or production of scopolamine, because the hairy roots were not supplied with any exogenous IAA. Increase of IAA level in the roots can decrease scopolamine levels. This is observed in the time course study of adventitious roots; a decrease of scopolamine content was detected at the early growth stage when exogenous IAA was supplied to their growth. 12) To elucidate the factors for the growth differences, Deno et al. measured the amount of IAA present in the hairy and adventitious roots of Duboisia myoporoides by HPLC, and detected fairly high contents in the hairy roots during the culture (185, 159 and 103 pmol/g fresh weight IAA at day 7, 17 and 35, respectively) in contrast to the lower contents in the adventitious roots (81 and 93 pmol/g fresh weight IAA at day 13 and 30, respectively). 17) They concluded that the difference of the IAA contents was not large enough to explain the difference in the growth; 2-fold dry mass in hairy roots com- 1264 Vol. 27, No. 8 pared to that in adventitious roots. However, an obviously lower content of scopolamine (0.15% dry weight) in hairy roots compared to that in adventitious roots (0.70% dry weight) was reported in their paper. 17) This is in accordance with our results for hairy roots; the second lowest content of scopolamine (0.24 mg/g fresh weight) and highest content of IAA (106 pmol/g fresh weight) in the root meristem.
Shoot Regeneration In most cases of shoot regeneration from hairy roots of Duboisia, spontaneous regeneration has been reported. 15, 16) Establishment of a shoot regeneration system from desired clones is necessary for crop improvement. Therefore, shoot regeneration from hairy roots lacking spontaneous regeneration capability was investigated. In a preliminary experiment, shoot formation was examined both in the dark and under 16 h light. Frequency of shoot formation and number of shoots under light were much higher than in the dark. Therefore the adventitious and hairy root segments grown in the liquid medium were cultured with various concentrations and combinations of IAA and BA under 16 h light (Fig. 7) . In adventitious roots, shoots regenerated on media containing BA (0.5 to 5 mg/l); 100% regeneration with 17 shoots per segment in medium with 0.1 mg/l IAA and 2 mg/l BA. On the other hand, shoot regeneration in hairy roots was only observed on the medium containing 5 mg/l BA at a rate of 33%. The hairy root segments which appeared to be more sensitive to IAA, formed vigorous callus on all the media containing IAA, and no shoot regeneration occurred. Callusing preceded shoot regeneration in all the cases, which was more prevalent in hairy roots. The shoots formed on the adventitious root segments grew well after transferring onto MS solid medium, whereas the shoots from the hairy roots formed callus at the basal end on MS solid medium and required cytokinin to maintain shoot morphology. From the results of IAA distribution (Fig. 6 ), IAA content in root meristems of hairy roots was 1.7 times higher than that of adventitious roots. Active callusing and enhanced sensitivity to exogenous supply of IAA might be attributed to this capability to synthesize IAA in hairy roots.
